We propose a new spectral imaging method for Fizeau interferometers, based on double Fourier interferometry. It is possible to acquire two-dimensional spatial and one-dimensional spectral information of the sky by applying Fourier-transform spectrometer algorithm and the Van Cittert-Zernike theorem. This imaging scheme is referred to as double Fourier interferometry. We noticed that a delay axis in Michelson interferometers is equal to the axis of a fringe pattern on an image plane in Fizeau interferometers. Therefore, this new approach can acquire threedimensional information of the sky using a linear array detector placed on the image plane. We formulated the new method and validated it by performing laboratory experiments. We performed image reconstruction based on the new method, and derived the spatial and spectral distributions of the source. Thus, the method was experimentally verified. Using the new method, it is possible to perform image reconstruction in principle, with brief observations for each baseline, and a delay-line system is not required as in a conventional interferometer. In addition, because the field of view is limited by the telescope's optical system, it can be easily widened. Therefore, this new method of spectral imaging will be used for future astronomical observations with Fizeau interferometers.
Introduction
established the basis of stellar interferometery for measuring the angular diameter of stars. The basic concept is that placing an aperture mask with a two-hole array on the front of the collecting mirror provides high spatial angular resolution by eliminating the effects of atmospheric perturbation. The baseline length of this type of interferometer, however, is limited by the size of the collecting mirror. Michelson (1890) further developed Fizeau's idea to obtain a longer baseline length using two plane mirrors separated along the baseline direction at the "mask" position. The michelson stellar interferometer provided higher spatial angular resolution than the Fizeau stellar interferometer. Michelson and Pease (1921) successfully measured the stellar angular diameter for the first time. Following his success, the diameters of many stars have been measured (e.g., Quirrenbach et al. 1996; Monnier 2003) .
The working principles of stellar interferometers are based on the Van Cittert-Zernike theorem (e.g., Born & Wolf 1964) , and the complex degree of coherence obtained from an observation is related to the source brightness distribution obtained by applying a Fourier transformation. Itoh and Otsuka (1986) generalized the basic theory of the interferometer into three dimensions (two spatial dimensions and one spectral dimension) and formulated this for handling scalar waves. Mariotti and Ridgway (1988) noticed that the delay axis in the Michelson interferometer equals the spectra axis described by Itoh and Otsuka (1986) , and established a "double Fourier," which is the Fourier transformation of the spatial and spectral dimensions. In actual applications, particularly in astronomical observations, this is called "double Fourier interferometry." Hattori et al. (2000) and Ohta et al. (2006 Ohta et al. ( , 2007 considered the polarization of light, and successfully generalized the Michelson interferometer.
We noticed that a linear array detector placed on the image plane can provide a data set equivalent to that obtained by changing the optical path difference between two beams. If we use a linear array detector to measure a complex mutual coherence function in a spatial direction on the image plane, we can achieve high-resolution imaging with the new method.
In section 2, we formulate the new imaging method for an ideal interferometer, which has an infinite image plane and infinitesimal aperture. We apply this to an actual interferometer with a finite image plane, and discuss the limitations on the field of view and spectral resolution. Section 3 discusses laboratory experiments and section 4 compares the new approach with conventional interferometric imaging.
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Infinite Image Plane and Infinitesimal Aperture
Here, we describe the formulation of the original Fizeau interferometer. First, we assume that the interferometer has an infinite image plane and infinitesimal aperture. The coordinate system and the parameters are set as follows. The coordinate system on the object plane is defined as . ; Á/, where (0,0) is at the center of the field of view. The coordinate system on the aperture plane is defined as .x; y/, where the position of an aperture 0 i 0 is expressed as .x i ;y i /. The baseline vector connecting the centers of the two apertures is defined as ! b = .x 1 x 2 ; y 1 y 2 /. Two components of the baseline vector in the Fourier plane, u and v, are called fringe spatial frequencies. The coordinate system on the image plane is defined as .p; q/, and the spatial axis is defined as s. The distance from the object plane to the aperture plane is denoted as R, and the distance from the aperture plane to the image plane is denoted as r. Using these parameters, the angle vector representing the position on the sky is written as ! Â Á Â ;Â Á = . =R; Á=R/, and the angle vector representing the position on the image is written as ! ' = .p=r; q=r/. Figure 1 shows the coordinate systems and the parameters.
When we observe an extended white (or broadband continuum) object with a Fizeau interferometer having infinitesimal apertures, the mutual coherence function is written as
where .r/ represents the real part, 0 is the frequency, and E i is the electric field formed on the image plane through the aperture i . Considering the connection between the object plane and the image plane, the mutual coherence function can be written as
where L 2 L 1 is the optical path difference between the two beams, A is the aperture area, and c is the speed of light. Assuming that R; r x; y; ; Á;
we derive the optical path difference as 
When the two apertures are located at opposite positions, at equal distance from the optical axis,
Using these notations, equation (2) can be rewritten as
Equation (7) expresses the mutual coherence function formed by an extended, white object. The Van Cittert-Zernike theorem cannot be applied to this mutual coherence function because the imaginary part of the mutual coherence function does not appear on the image plane. Here, we consider the change in the path difference along the spatial direction on the image plane instead of a delay line. We notice that the path difference appears in the spatial direction of the image plane. Thus, it can be said that a linear array detector can measure the complex mutual coherence function. We apply a Fourier transformation to the mutual coherence function along the spatial direction of the image plane. Assuming that the mutual coherence function can be measured to infinite distances of the image plane, the spectrum of the mutual coherence function is given as follows:
where is the frequency, and s is the displacement along the spatial axis of the image plane. The inverse Fourier transformation of equation (8) in the .u; v/ plane gives
where I. ! Â ; / is the sky brightness distribution at .
Limitation on Spectral Resolution
In the last section, we assumed that the interferometer has an infinite image plane and infinitesimal apertures. However, an actual interferometer must have a finite image plane and finite apertures, which may reduce the spectral resolution. In this section, we evaluate the limitations of this new imaging method with respect to the spectral resolution with this new imaging method.
Finite image plane
First, we consider the effect of a finite image plane. Suppose that the source is smaller than the diffraction-limited resolution. The mutual coherence function can be measured precisely only within an Airy disk because it has a worse signal-to-noise ratio in the outer part of the first dark ring. Then, equation (8) 
where d is the diameter of the Airy disk. The indefinite of the frequency caused by the finite image plane is given by
where b max is the maximum baseline length. Therefore, the spectral resolution limited by the finite image plane is given as
where N fringe is the number of fringes formed in the image plane, i.e.,
Here, a x is the aperture size along the baseline direction. When a larger aperture is used for collecting mirrors, the spectral resolution becomes worse due to the smaller path difference. We further discuss this effect on observation in subsection 3.3.
Finite aperture
Next, we consider a finite aperture size. S i .X i ; Y i / is defined as the coordinate system on each finite aperture "i ". When we observe an extended, white object with a Fizeau interferometer having finite apertures, the mutual coherence function is given as
For simplicity, we consider rectangular apertures. Following the new method, we apply a Fourier transformation to the mutual coherence function (appendix). From the results, we obtain the uncertainty of the frequency caused by the finite aperture as
Therefore, the limitation on the spectral resolution is given by
The spectral resolution limit obtained with a finite aperture is twice that obtained with a finite image plane (see Equations (12) and (16)), because the window function is rectangular for the measurable range and triangular for the aperture.
Field of View
Quirrenbach (2001) discussed the limitation on the field of view for Michelson and Fizeau interferometers. For Michelson interferometers used in conventional interferometric imaging, the field of view is limited by the uncertainty of the spatial frequency (Thompson et al. 1986 ):
where Â max is the radius of the field of view in which the image can be reconstructed by aperture synthesis, ıu is the uncertainty of the spatial frequency, and ıu max is the maximum uncertainty. For the Fizeau interferometer used in the new imaging method, the field of view is limited by the finite image plane and the phase error of the telescope's optical system, because the intensity distribution on the image plane is the convolution of the intensity distribution in the sky obtained with the point-spread function of the telescope.
Laboratory Experiments
Measurement
To validate the new interferometric imaging method presented in this paper, we performed laboratory experiments. Figure 2 illustrates a conceptual diagram, and figure 3 illustrates the optical system. The sources are two semiconductor lasers with wavelengths of 533 (green) and 633 nm (red). Each laser beam is shaped by a spatial filter, which comprises an objective lens and a pinhole. The green beam is reflected by a dichroic beam splitter, and the red beam passes through a beam splitter. The two beams travel in the direction of a collimator mirror, which is an on-axis parabolic mirror with a 609.6-mm focal length and 152.8-mm aperture size. The optical system is achieved since the relative angle between the green and the red beams is 48 00 . Two pinhole masks are located in two color collimated beams and model an interferometer with two apertures. The central interval between the two apertures corresponds to the baseline length. The pinhole aperture is circular and has a diameter of 0.2 mm. The diameter of the pinhole aperture is denoted as a. After the two beams pass through the pinhole, they are collected by a parabolic mirror whose focal length is 1219 mm and an aperture whose diameter is 152.8 mm. The focused image is acquired by a charge-coupled device (CCD) camera with an 11-um pixel pitch on the image plane.
The baseline length is varied from 1.1 to 18 mm for simulating a one-dimensional measurement in the (u, v) plane. The sum of the measurement points is 41. Figure 4 shows the baseline sampling points. At each measurement point, we measured the signal of the beam from the two apertures and the interference signal of the two beams. Figure 5 illustrates the interference for a baseline length of 2 mm.
Processing of Image Reconstruction
Both the brightness and emitted spectral distribution of the source are unknown in actual observations; however, they are known in this experiment. Therefore, we assume that these distributions are unknown, and derive them from the interference images.
We obtained the one-dimensional intensity distribution along the baseline from the interference image shown in figure 5 . The interference signal, represented as a solid line in figure 6(left panel) shows the results. In addition, we closed one of the two . For example, the complex visibility of 400 nm blue light, 533 nm green light, and 633 nm red light is shown in figure 7 . The amplitude of the complex visibility is nearly 0 at 400 nm, and is maximum at 533 and 633 nm, because this experiment uses green and red lasers. Therefore, the amplitude of the complex visibility reflects the intensity of the emitted spectrum at that wavelength.
Next, we performed a Fourier transformation of the complex visibility on the spatial frequency, and acquired the brightness distribution at 1-nm intervals from 400 to 800 nm. The intervals were sufficient to completely reveal the emitted spectrum of the source and the spectral resolution. The total luminosity of the source, shown in figure 8, is given as the integration of the brightness distribution.
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On the other hand, as illustrated in figure 8 , the observed spectrum of the source is the sum of the two band spectra that appear at 533 and 634 nm with half bandwidths of 24 and 30 nm, respectively. Therefore, it can be said that the source spectrum is consistent with the expectation.
Next, we derived the brightness distribution of the source. From the source spectrum shown in figure 8 , it can be concluded that the wavelengths necessary to derive the brightness distribution are 533 and 634 nm. We acquired the brightness distribution shown in figure 9 by a Fourier transformation of the complex visibility of the spatial frequency at these wavelengths. The right side of figure 9 shows the brightness distribution at 400 nm, which the source should not intrinsically emit. The measured angular distance between the green and red brightness peaks is 47: 00 5, which corresponds to the angular distance of the two sources (48 00 ) within the margin of error.
Furthermore, the spatial resolution is 6: 00 0 at 533 nm and 7: 00 0 at 633 nm. These values agree with the expected spatial resolutions of 5: 00 9 and 7: 00 0 for a baseline length of 18 mm. The field of view is theoretically limited by the finite image plane when there is no interferometer phase error in the optical system. Therefore, the field of view is expected to be 1050 00 in this experiment. However, we could not evaluate the field of view because the phase error was not accurately measured. Thus, the new interferometric imaging method was verified.
Simulation
The unequally spaced baseline sampling used in the experiments is thought to deteriorate the signal-to-noise (S=N) ratio. We performed numerical simulations to examine this possibility.
We set up equally spaced (0.2 mm) and unequally spaced baseline sampling. The unequally spaced baseline sampling is exactly the same as that of this experiment. Figure 10 shows the brightness distribution for both cases. The simulation results for unequally spaced baseline sampling are similar to the experimental results (figure 9). Therefore, inequality in spacing unfavorably affects the S=N; on the other hand, the S=N ratio significantly improves in the case of equally spaced baseline sampling.
Discussion
We now compare the new interferometric imaging method with the conventional one. Itoh and Otsuka (1986) and Mariotti and Ridgway (1988) established double Fourier interferometery. In addition, Thurman and Fienup (2007) proposed that spectral imaging for Fizeau interferometers can be performed with a multi-aperture optical system by making a series of intensity measurements, while introducing optical path differences and recovering spectral data by the standard Fourier transform. The spectral resolution of these types and the field of view is is limited by the uncertainty of the spatial frequency. Therefore, to acquire a wide field of view, a long delay line is necessary for the conventional method.
In this study, we proved that one dimension of the "three-dimensional interferometer" described by Itoh and Otsuka (1986) is equal to the interference fringe pattern on the image plane in a Fizeau interferometer. As a result, the new method does not need a delay line system. Placing a linear array detector on the image plane realizes the "three-dimensional interferometer" in a Fizeau interferometer. The spectral resolution and the field of view of the new interferometer are limited by the number of fringe patterns and the optical system of the telescope, respectively. We easily acquired a wide field of view. Therefore, the new type suits a much wider range of applications, such as working with a Fizeau interferometer in space.
Conclusion
We proposed a new type of imaging method for Fizeau interferometers. A delay axis in Michelson interferometers is equal to the axis of the fringe pattern on the image plane in Fizeau interferometers. Therefore, this new type of Fizeau interferometer does not require a delay line system. This new approach realizes the three-dimensional interferometer proposed by Itoh and Otsuka (1986) by placing a linear array detector on the image plane.
We built the new interferometer, and performed laboratory experiments to validate the method by reconstructing the spatial and spectral distributions of a source based on the new approach. This approach makes image reconstruction possible in principle, with brief moments of observation for each baseline, and does not require a delay-line system, as in conventional interferometers. In addition, because the field of view in the new interferometer is limited only by the telescope's optical system, it can be easily widened.
This new type of interferometer will be used in a new balloon-borne experiment, and in the future will be used in aperture synthesis observations in space for mid-and far-infrared high-resolution imaging of dust grains, such as proto-planetary disks and star-forming clouds.
Appendix. Spectral Resolution in the Case of Finite Aperture
In this section, we formulate new approach for rectangular apertures, and derive the limits on the spectral resolution. The electric fields produced on the image plane originating from a region d dÁ and passing through apertures 1 and 2 can be written as follows:
and
When we observe an extended white object with a Fizeau interferometer having finite apertures, the mutual coherence function is given as
Here, assuming equation (3), we derive the optical path difference as follows:
where 
we derive # as
Using these notations, equation (13) can be written as
Equation (A9) denotes the mutual coherence function on the image plane for a finite aperture, and depends on the aperture shape. For simplicity, we consider rectangular apertures. Here, we consider a pupil function as follows:
Considering that the two apertures are identical, the sides are a x and a y , and the x-direction is parallel to the baseline direction, we obtain the pupil function as 
Then, from equation (A9), the mutual coherence function is written as
where a x and a y are the aperture widths along the baseline direction and that perpendicular to it, respectively. Compared to equation (5), the intensity function of Fraunhofer diffraction appears as sinc functions in equation (A12). The Fourier transformation of equation (A12) 
where the window function, O F . ; 0 /, is 
Consequently, the spectral resolution in case of rectangular apertures is obtained as
where we use the condition that the source size is much smaller than the diffraction limited resolution, i.e., a x Â :
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